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Application of Targeted
Mass Spectrometry for the
Quantification of Sirtuins in the
Central Nervous System
T. Jayasena1, A. Poljak1,2,3, N. Braidy1, L. Zhong2, B. Rowlands3, J. Muenchhoff1, R. Grant3,4,
G. Smythe3, C. Teo5, M. Raftery2 & P. Sachdev1,6
Sirtuin proteins have a variety of intracellular targets, thereby regulating multiple biological pathways
including neurodegeneration. However, relatively little is currently known about the role or expression
of the 7 mammalian sirtuins in the central nervous system. Western blotting, PCR and ELISA are
the main techniques currently used to measure sirtuin levels. To achieve sufficient sensitivity and
selectivity in a multiplex-format, a targeted mass spectrometric assay was developed and validated
for the quantification of all seven mammalian sirtuins (SIRT1-7). Quantification of all peptides was by
multiple reaction monitoring (MRM) using three mass transitions per protein-specific peptide, two
specific peptides for each sirtuin and a stable isotope labelled internal standard. The assay was applied
to a variety of samples including cultured brain cells, mammalian brain tissue, CSF and plasma. All
sirtuin peptides were detected in the human brain, with SIRT2 being the most abundant. Sirtuins were
also detected in human CSF and plasma, and guinea pig and mouse tissues. In conclusion, we have
successfully applied MRM mass spectrometry for the detection and quantification of sirtuin proteins in
the central nervous system, paving the way for more quantitative and functional studies.
Sirtuins are a class of proteins that possess histone deacetylase or mono-ribosyltransferase activity and play critical roles in cell survival in response to oxidative stress and caloric restriction (CR) regimes1. In mammals, seven
sirtuins (SIRT1-7) have been identified. All mammalian sirtuins contain a conserved NAD-binding and catalytic
domain, but differ in their N and C-terminal domains. They have different specific substrates including histones,
transcriptional regulators and enzymes. They localise to cell compartments which regulate cellular structure,
metabolism and gene expression, including the cytoskeleton (SIRT2), mitochondria (SIRT3, SIRT4 and SIRT5)
and nucleus/nucleolus (SIRT1, SIRT6 and SIRT7), and play important roles in health and disease1. SIRT1 is the
best characterized and has the broadest substrate specificity. Sirtuins have emerged as critical modulators of metabolic adaptive responses, and their activities have been linked to ageing and multiple diseases, from metabolic
abnormalities to neurodegeneration.
Sirtuins can affect reactive oxygen species (ROS) production and promote resistance to their damaging effects.
Oxidative stress has been shown to decrease SIRT1 expression in the hippocampus and cortex, possibly by direct
degradation by ROS2. SIRT1 overexpression prevents oxidative stress-induced apoptosis and increases resistance
to oxidative stress through regulation of the FOXO family of forkhead transcription factors3. The cytoplasmic
sirtuin protein SIRT2, has been shown to increase in response to oxidative stress but promotes cell death through
FOXO proteins4. SIRT3, a mitochondrial protein, reduces oxidative stress through activation of superoxidase dismutase5. SIRT6 and SIRT7, like the founding member of the sirtuin family SIRT1, are nuclear proteins involved
in oxidative-stress induced DNA repair through activation of the PARP-1 DNA repair enzyme.
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Name Areas detected in CNS

Function in CNS

Techniques used

Human hippocampus and cortex6. Has also been detected
Modulates memory formation and synaptic plasticity. Reduces TR-qPCR6, immunohistochemistry41, western blotting,
SIRT1 in human serum at approx 8.16 ng/μl8. Mouse neural
surface plasmon resonance and ELISA8.
with age in mice. Metabolic sensor.
7
21
stem cells and adult mouse brain . Porcine brain .
SIRT2

Mouse neural stem cells and adult mouse brain7.
Porcine brain21. Human serum9.

Cortex, Hippocampus and Cerebellum10. Mouse neural
SIRT3 stem cells and adult mouse brain7. Porcine brain21.
Rat brain. Human serum9.

Inhibitor of microglia-mediated inflammation and
neurotoxicity18. Impairs neurite outgrowth and
Mouse knockouts18, western blotting.
oligodendrocyte differentiation. Involved in myelin formation.
Responses to oxidative stress and involved in maintenance of
mitochondrial function.

Western blotting and qPCR10.

SIRT4

Mouse neural stem cells and adult mouse brain7.
Porcine brain21. Rat cortical cells and brain tissue42.

Regulation of glial development42; involved in glutamate
transport and protective role against excitotoxicity43.

qPCR, western blotting and immunofluorescence21,42

SIRT5

Mouse neural stem cells and adult mouse brain7.
Porcine brain21.

SIRT5 gene polymorphism may promote molecular brain
aging and be a risk factor for mitochondrial dysfunctionrelated diseases44.

qPCR21

Regulator of somatic growth by modulating neural chromatin
and gene activity46. Modulated DNA repair in the brain48.
Suppresses proinflammatory gene expression.

Brain specific mouse knockout models and primary brain
cell models46,48,49; immunohistochemistry45;
western blotting, immunofluorescence47.

Positive regulator of RNA polymerase I transcription.

Mouse knockout46.

Mainly localised in the nucleus in the cortical layers45.
SIRT6 Mouse neural stem cells and adult mouse brain7,46,47. Rat
brain. Porcine brain21.
SIRT7

Mouse neural stem cells and adult mouse brain7.
Porcine brain21.

Table 1. Expression of sirtuins in the CNS and current methods used for analysis.

SIRT1 is expressed in the adult brain, in the cortex, hippocampus, cerebellum, and hypothalamus, and in
lower levels in the white matter6. Among the brain cell types, SIRT1 is predominantly expressed in neurons
and viewed as a nuclear protein6. The mRNAs for all seven sirtuins have been identified in mouse brain tissue
and also neural stem cells7. SIRT1, SIRT2 and SIRT3 have also been detected in human serum, and levels were
shown to decline with age and were linked to frailty8,9. SIRT3 is elevated at both the mRNA and protein levels in
Alzheimer’s disease (AD) post mortem brain tissue compared to controls10.
The most common techniques currently utilised for detecting a change in sirtuin levels at the mRNA or protein level are PCR and western blotting, respectively (see Table 1). Other studies have used methods such as
immunohistochemistry, surface plasmon resonance and ELISA assays (see Table 1). The majority of these methods are only semi-quantitative with moderate sensitivity, use antibodies which may not have sufficient specificity
or detect expression at the mRNA level which may not reflect protein expression. Furthermore, there is no current
assay which detects multiple sirtuins simultaneously.
Quantitative expression analysis of mammalian sirtuin proteins (especially SIRT2-7), across cell and tissue
types is limited in the current literature. Previous studies have shown an increase in SIRT3 in AD post-mortem
brain tissue using western blotting for protein expression and multiplex qPCR to assay SIRT3 mRNA levels10.
Both SIRT3 protein and mRNA were shown to be significantly elevated in the AD group10. Another recent paper
detected SIRT1 in human serum samples using western blotting, surface plasmon resonance and ELISA to measure SIRT1 protein levels8. SIRT1 declines with age and is more dramatically reduced in MCI and AD patients
compared to age matched controls, suggesting that SIRT1 may warrant further investigation as a potential plasma
biomarker for AD8. SIRT1 and SIRT3 levels in serum were found to be significantly lower in frail subjects as compared to the non-frail9. Another study reported a decrease in SIRT1 and SIRT2 mRNA levels using quantitative
real time PCR in the primary motor cortex of human post-mortem amyotrophic lateral sclerosis brain tissue11.
Mass spectrometry has been used to successfully assay metabolites of SIRT1 activator drugs in plasma and
urine12, but to date has not been used to quantify protein levels directly. Mass spectrometry has a great advantage
over the conventionally used antibody based methods, such as western blotting, in that it offers greater specificity,
linearity, reproducibility and typical limits of quantification down to the low fmol range. It also removes some of
the antibody specificity issues that are associated with methods such as western blotting and ELISA, as peptides
unique to each protein are measured. Targeted MRM based mass spectrometry may provide a more specific and
sensitive method to detect and quantify sirtuin expression at the protein level, providing a tool for comprehensive
sirtuin protein expression analysis. The aim of this study was to develop a targeted mass spectrometry method
using multiple reaction monitoring (MRM) to quantify the seven human sirtuins at the protein level and to apply
the assay to CNS biological samples.

Results

Peptide standards. Standard curves for sirtuin peptides are shown in Fig. 1. The LOD and LOQ were determined when the signal to noise ratio of the transition with the highest intensity was approximately 3:1 and 10:1
respectively. All peptides had good linearity in the 1–200 fmol/μl range and intra- and inter- assay variance was
<10% and less than <14% respectively. Representative chromatograms for each of the 14 peptides are shown in
Supplementary Figure S1.
Sirtuin peptide standard curves spiked with buffer only (0.1% formic acid and no gel bit), blank gel bits and gel
bits containing Hu6 depleted plasma had very similar regression equations and slopes, indicating modest matrix
effects (Supplementary Figure S2). Sirtuin recoveries (from the gel spike experiment, Supplementary Figure S8),
relative to sirtuin run in buffer only achieved 61–96% recovery and 58–131% recovery for the 5 μg and 2 μg sirtuin
levels respectively (Supplementary Table S1).
Quantification of sirtuin expression in cells and tissues. In all the human primary brain cell types and
human brain cell lines SIRT1, 2, 3, 6 and 7 were detected and quantified (Fig. 2). All seven sirtuins were detected
Scientific Reports | 6:35391 | DOI: 10.1038/srep35391
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in human control brain tissue, with SIRT2 highly expressed (Fig. 3, Panel A). Detergent fractionation into subcellular groups improved identification of mitochondrial sirtuins (SIRT3–5) (Fig. 3, Panel B).
We were also able to quantify some sirtuins in guinea pig and mouse tissue due to their common sequences
with human sirtuin peptides. SIRT1-3 levels in the guinea pig (Fig. 4, Panel A) and SIRT 1 and 3 levels in mouse
organs (Fig. 4, Panel B) were quantified. Furthermore the method could be adapted for all sirtuins from other
species with purchase of the appropriate synthetic peptides and their heavy internal standards. Supplementary
Table S2 shows the level of homology (or identity) of human SIRT1-7 peptide sequences with mouse and guinea
pig. All samples were fractionation on a 1D-SDS-PAGE to reduce sample complexity and improve detection sensitivity. A workflow of the sample preparation procedure can be found in Supplementary Figure S3.
Another important issue is the existence of splice variants or isoforms of the sirtuin proteins. Supplementary
Table S3 lists the sequences of all sirtuin isoforms and the location of the two MRM peptides within each
sequence. The majority of sirtuin isoforms contain both peptides, and all contain at least one of the two peptide
sequences used for quantification in this study.

Validation of MRM method with established protocols. Human brain cells and tissue samples were
compared with established protocols for sirtuin detection such as immunohistochemical staining, PCR and western blotting. Immunohistochemical staining showed that all seven sirtuins are expressed in astrocytes (Fig. 5,
panel A, rows 1–4) and control human frontal lobe brain tissue (Fig. 5, panel A, row 5). PCR identified SIRT1
and SIRT2 mRNA in control human frontal, occipital and hippocampus brain tissue (Fig. 5, panel B). Western
blotting confirmed the identification of SIRT1, 2 and 3 in control human frontal lobe brain tissue (Fig. 5, panel C
and Supplementary Figure S4).
Quantification of sirtuins in CSF and immunodepleted plasma. SIRT1 was quantified in the CSF of

five control patients and in control plasma immunodepleted of the six most abundant proteins. SIRT1 was the
only sirtuin detected and was found to range from 4.30 ± 0.19 to 5.09 ± 0.53 fmol/μg total protein in CSF and
8.68 ± 0.35 fmol/μg total protein in plasma. Individual data can be found in Supplementary Figure S5. SIRT2-7
in CSF and immunodepleted plasma were found to be below the detection limits of the assay. All samples were
fractionated by 1D-SDS-PAGE to reduce sample complexity and a workflow of the sample preparation procedure
can be found in Supplementary Figure S3.

Discussion

The rapid expansion of instruments and software in the field of targeted protein quantification by MRM is
expected to have vast applications in quantitative protein biochemistry13,14. Most of the currently used protocols
to measure sirtuin changes in the CNS have ultilised methods such as ELISA, surface Plasmon resonance, western
blotting and fluorescent staining. Mass spectrometry provides a platform that overcomes some of the limitations
of antibody based approaches for protein quantification, in particular providing a level of specificity not available with the other approaches. Isotopically labelled peptide standards allow for quantification of protein levels
and also provide the ability to monitor stability of analytes throughout the sample processing steps. This greatly
simplifies the development of assays compared with standard immunological formats such as ELISA where
well-characterised antibodies are needed. Furthermore MRM facilitates multiplexed analysis, identifying several
proteins in a single run, thereby maximising information obtained per sample, minimising assay time while at
the same time conserving precious samples. It measures several transitions per quantified protein, thus generating several independent measurements, and with the use of heavy peptide standards allows for generation of
standard curves and accurate quantification. This approach has advantages over methods such as western blotting
and staining techniques which are semi-quantitative at best and lack the level of structural specificity achieved by
mass spectrometry. Our MRM approach is also complementary to PCR which targets mRNA levels only.
Perhaps the major limitation to mass spectrometry based protein quantification is throughput and cost.
Immunological assays can be performed in 96 well plate formats and plate readers allow measurement of an
entire plate in a single run. Mass spectrometry requires each sample to be run individually with longer run times.
However one of the main advantages of mass spectrometry is its ability to specifically and accurately distinguish
different isoforms or modified forms of proteins, even in complex samples. The sensitivity of mass spectrometry is very high but limitations to sensitivity of quantitative assays are often caused by the dynamic range of the
proteins in the sample. Future developments in mass spectrometer analysers and detectors may help address this
limitation. Even so, it is probable that improved sample purification/fractionation procedures will continue to be
a vital element of the most challenging and complex proteomics problems, and to achieve the required sensitivity
for robust quantification. For example in this study all samples were fractionation on a 1D-SDS-PAGE gel and gel
bands excised and tryptic digested prior to MRM analysis to reduce sample complexity. A workflow of the sample
preparation procedure can be found in Supplementary Figure S3.
MRM mass spectrometry was successfully utilised in this study to quantify seven mammalian sirtuins in
human brain cells, tissues and fluid. Furthermore the method can be used to measure sirtuin expression in animal
tissues, such as mouse and guinea pig, in cases where peptide sequences are identical to the human standards.
In line with previous data, our results affirm that there is significant divergence in abundance amongst members
of the sirtuin family of proteins in the brain. We report SIRT1 and SIRT2 to be the most abundant sirtuins in
cultured brain cells with SIRT1 highest in neurons and SIRT2 highest in oligodendrocytes, validating previous
studies showing SIRT2 to be highly expressed in oligodendrocytes15. Our study and others have also found SIRT2
expressed in neurons and glial cells16,17. Further validation with higher sample numbers and across a wider range
of cell lines may help elucidate differences between cell types for the lower abundant sirtuins.
We found SIRT2 to be the most abundant sirtuin in the adult human frontal lobe and cortex and cerebellum homogenates from the guinea pig. SIRT2 is known to co-localise with microtubules and functions as a
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Figure 1. Sirtuin peptide standard curves, variance and limits of detection and quantification. Sirtuin
peptide standard curves (average of the peak area ratios for the two peptides, in triplicate for each sirtuin, with
heavy peptide spike of 100 fmol/μl). Both inter- and intra-assay variance were calculated for three replicates
and the LOD and LOQ are shown in fmol/ul. CVs calculated using peptide peak area ratios (light/heavy) at the
100 fmol/μl peptide concentration level. Individual chromatograms for each of the 14 peptides can be found in
Supplementary Figure S1.

tubulin-deacetylase. It is a suppressor of microglial activation and brain inflammation, with reduced levels of
SIRT2 leading to increased production of free radicals and neurotoxicity, while its overexpression inhibits brain
inflammation18. In other studies, however, it has been shown to increase in cells with oxidative stress and promote
death cell4. In addition, SIRT2 inhibition has been shown to protect against Parkinson’s disease and Huntington’s
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Figure 2. Sirtuin expression in primary cultured brain cells and cell lines. In primary neurons SIRT1 was
found to be the most abundant sirtuin (*p < 0.05) compared to other neuronal sirtuins (n = 3). SIRT2 was found
to be abundant in primary oligodendrocytes (*p < 0.05) compared to other cell types (n = 3). SIRT1 and SIRT2
were the most abundant in all the cell cultures. SIRT4 and SIRT5 were below the detection limits and only small
amounts of SIRT6 and SIRT7 were detected.

Figure 3. Sirtuin expression in human frontal lobe brain tissue. Sirtuin expression in unfractionated
(Panel A) and fractionated (Panel B) human frontal lobe brain tissue. All seven sirtuins were detected in
unfractionated human frontal lobe brain tissue with SIRT2 the most abundant (*p < 0.05) compared to all other
sirtuins (Panel A). The mitochondrial sirtuins (SIRT3-5) were found to be close to the LOQ, but their signals
improved following fractionation of the tissue into cytosolic, nuclear, cytoskeletal and membrane fractions
(Panel B). Fractionation showed SIRT1 and SIRT2 expressed in all fractions, whereas SIRT3-5 were below the
LOD in the cytosol and SIRT6 and SIRT7 were below the LOD in the cytoskeletal fraction. SIRT1 was most
abundant in the nucleus and SIRT2 in the cytoskeletal fraction (*p < 0.05, Panel B). In the cytosol, SIRT2 was
the most abundant sirtuin (*p < 0.05), and all sirtuins were captured in the membrane fraction.

disease19,20. Previously published results have shown SIRT2 to be abundant in the brain and serum9,11,21,22 and our
study provides further evidence for this and shows that it is also abundant in the guinea pig brain.
SIRT1 was the second-most abundant sirtuin in the brain and the only sirtuin detected in the CSF and plasma
using our method. SIRT1 is a neuroprotective factor in a variety of models of neurodegenerative diseases, including Huntington’s disease, Multiple Sclerosis and AD23,24. It increases following exposure to cellular stressors,
including energy/nutrient depletion and has been linked to increased lifespan in animal models25. We were only
Scientific Reports | 6:35391 | DOI: 10.1038/srep35391
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Figure 4. SIRT1-3 protein expression in animal organs. SIRT1-3 protein expression in guinea pig (Panel A)
and mouse organs (Panel B). SIRT2 was found to be the most abundant sirtuin in guinea pig, with higher levels
expressed in the brain (*p <  0.01, n = 2) compared to liver and kidney. SIRT2 in mouse was not quantified due
to peptide sequence difference with the human peptide standards.

able to detect SIRT1 in both CSF and plasma while Kumar et al. have recently identified SIRT1, SIRT2 and SIRT3
in human serum using surface plasmon resonance9. The use of more sensitive mass spectrometry instrumentation, and/or fractionation or enrichment of plasma proteins, may improve sensitivity for the other sirtuins in
plasma.
The mitochondrial sirtuins SIRT3-5 were found at lower levels in human brain but detection was improved
after detergent fractionation. Further fractionation of samples or purification/enrichment of mitochondria may
facilitate improved mitochondrial sirtuin quantification. Our data also show that SIRT6 and SIRT7 are the third
and fourth most abundant members of the sirtuins family in the adult human frontal lobe. Both SIRT6 and SIRT7
have been associated with the maintenance of DNA stability and promotion of DNA repair following exposure
to cellular stressors26,27.
We also confirm that mammalian sirtuins are localised to several subcellular compartments. While SIRT1,
SIRT6 and SIRT7 are predominantly found in nuclear fractions, they are also detected in cytosol, cytoskeleton
and membrane fractions, albeit at much lower levels. Similarly, although SIRT2 is the only human sirtuin primarily localised in the cytoplasm, it may also be found at lower levels in the nucleus and cellular membrane. Our data
confirm that SIRT1 and SIRT2 may interact with both the nuclear and cytoplasmic subcellular compartments.
Similarly, while the mitochondrial sirtuins (SIRT3-5) were previously reported to be exclusively localised to the
mitochondria, other studies have reported the localisation of several variants in the nucleus as well as the cytoplasm, in line with our study28. SIRT5 has recently been found to have both desuccinylase and de-malonylase
activities in both the mitochondria and cytosol29,30. The expression patterns of sirtuins in brain cells remains
controversial and it is unclear whether certain sirtuins are specific to cell types. Our MRM study indicates that the
majority of sirtuins (SIRT1, 2, 6 and 7) are present across all the main brain cell types.
For validation, analyses of the samples by immunohistochemical staining confirmed that all seven sirtuins are
found in human primary astrocytes (Fig. 5, panel A row 1–5). PCR detected SIRT1 and SIRT2 mRNA in frontal,
occipital and hippocampal brain tissue (Fig. 5, panel B). Western blotting identified protein levels in frontal lobe
brain tissue with SIRT2 showing the strongest bands (Fig. 5, panel C and supplementary Figure S4), in good
agreement with the results from our MRM assay (Fig. 3).
Various studies have demonstrated that abnormal changes to sirtuin proteins occur during disease states as
well as ageing. SIRT2 accumulates with age in the mouse brain and spinal cord22. Other recent studies have shown
that SIRT1 decreases with age in the rat brain31 and SIRT2 is upregulated in brain tumours32. Hence, there is
great value in developing robust quantitative assays such as MRM mass spectrometry to accurately quantify these
proteins in control vs disease states. Another important aspect of sirtuin biology is that their deacetylase activity
is nicotinamide and NAD+ dependent, establishing a direct link between their function and energy metabolism.
To improve sensitivity, we found our fractionation method of running the samples on SDS PAGE and excising
gel bands corresponding to the molecular weights of the intact sirtuin proteins to improve detection sensitivity.
Scientific Reports | 6:35391 | DOI: 10.1038/srep35391
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Figure 5. Sirtuin expression in human brain cells and tissue using immunohistochemical staining of astrocytes
(Panel A row 1–4) and human frontal lobe brain tissue (Panel A, row 5), PCR of SIRT1 and SIRT2 mRNA in
occipital, frontal and hippocampal human control brain (Panel B) and cropped images of western blotting of
SIRT1-3 protein expression in human control frontal lobe brain tissue (n = 3) at molecular weights of approx
40 kDa, 50 kDa and 30 kDa respectively (Panel C). Full length blots are presented in Supplementary Figure S4.
The use of more sensitive mass spectrometers with high resolution MRM capability may improve detection of
low abundant sirtuins and/or allow removal of the gel fractionation step. This would allow for sample lysates to
be digested and analysed directly and decrease sample processing time. Using hybrid mass spectrometers capable
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of high resolution and accurate mass measurements such as the quadrupole-orbitrap may overcome these issues
and yield better sensitivity for high-complexity samples. This will help future validation of levels in large cohorts
which may be useful for the identification of sirtuins as potential biomarkers.
Collectively, our results add further insights to the limited data which currently exist regarding the expression
of sirtuins in the human CNS. This technique provides a powerful tool and helps improve upon the limitations
of current protocols. While mass spectrometry based assays for protein quantification may still have some barriers to overcome before they can be used in a clinical setting due to low throughput and expense compared to
methods such as ELISA, they have great value in investigating lower abundance proteins such as sirtuins in complex samples such as the brain with great sensitivity and specificity. Furthermore the current approach could be
extended to develop isotope specific sirtuin assays, or extended to other species by use of appropriate synthetic
peptide standards. MRM mass spectrometry can also be utilised for the quantification of sirtuin related metabolites and thus targeted mass spectrometry methodologies have the potential to not only validate and complement
currently established methods for investigation of sirtuin protein expression changes but can also help build a
larger view of sirtuin biology in the normal brain and in disease conditions by linking sirtuin protein expression
with metabolism.

Methods

Selection of target sirtuin peptides.

Recombinant protein standards were purchased for seven human
sirtuins (Cayman Chemical, USA), and 5 μg of each was run by 1D SDS-PAGE gel and colloidal coomassie
stained. Sirtuin bands were excised, trypsin digested overnight followed by LC-MS/MS analysis on a QToF Ultima
API hybrid tandem mass spectrometer (Micromass, UK) as previously described33–35 and a detailed method is
provided in Supplementary Protocols. The two peptides with the highest signal intensity for each sirtuin were
cross-referenced with Skyline software (MacCoss Lab Software, USA). Peptide sequences were checked to ensure
no overlap with other sirtuins. Sirtuin standards were run using MRM LC-MS/MS on a 4000 Q TRAQ (SCIEX,
USA) mass spectrometer to ensure good signals were detected for all 14 peptides selected for the final list (two
unique peptides for each sirtuin). See Supplementary Tables S2 and S4 and supplementary protocols for peptide
sequences and light and heavy product ions for all 14 peptides. The full list of transitions and corresponding collision energies and MRM method details are provided in Supplementary Table S5.

Targeted mass spectrometry.

MRM analyses were performed on a 4000 Q TRAP hybrid triple quadrupole linear ion trap mass spectrometer (SCIEX, USA) interfaced with a nanospray ion source, operating in positive ion mode and controlled by Analyst 1.5 software. Peptides were concentrated and desalted onto a micro C18
precolumn (500 μm × 2 mm, Michrom Bioresources, USA) with H2O:CH3CN (98:2, 0.05% TFA) at 15 μl/min.
After a 4 min wash, the pre-column was automatically switched (10 port valve, Valco, USA) into line with a nano
column (as described in the previous section). Peptides were eluted using a linear gradient of H2O:CH3CN (98:2,
0.1% formic acid) to H2O:CH3CN (36:64, 0.1% formic acid) at ~300 nl/min over 30 minutes. Samples were analyzed with an ion spray voltage of 2.4 kV, curtain gas flow of 12 and nebulizing gas flow of 5 L/min. Quadrupoles
were operated in the low resolution mode, and the dwell time was 50 ms. For validation runs, the MRM experiment triggered MS/MS spectrum acquisition. MS/MS spectra were acquired in the trap mode (enhanced product
ion) with dynamic fill time, Q1 was operated using low resolution. Each sirtuin protein (SIRT1-7, 2 peptides per
protein) were run with 12 transition ions per run, per protein and with a 50 ms dwell time. See Supplementary
Table S5 for a full list of transitions for each peptide and corresponding collision energies (estimated using Skyline
software).

Sirtuin Peptide Standards. Multiple point calibration was used where a series of standard ‘light’ peptides
with known concentrations together with fixed amounts of stable isotope-labelled ‘heavy’ peptides (100 fmol/μl)
were used to generate calibration curves (Fig. 1). The curves were expressed as ratios of light/heavy peak area
(y-axis) versus concentration of light peptide (x-axis) for each of the 14 peptides selected. A commercially available stable isotope-labelled peptide standard (AQUA peptide, Sigma, USA) was used for absolute quantification
of proteins. This heavy surrogate of each of the peptide standards is added at a constant level to all samples and
standards and is used for correction of sample losses during workup and normalisation across runs, allowing
accurate quantification of the target protein in samples. Peptides labelled with a stable isotope (13C and 15N) are
chemically identical to their native counterparts and have identical chromatographic behaviour but can be distinguished from the calibration standards based on a small specific mass difference.
Preparation of Cell Cultures, Tissues, CSF and Plasma.

Cells. Adult human primary microglia, astrocytes, neurons and oligodendrocytes were cultured from resected normal adult brain tissue following removal of brain tumour with informed consent at the Minimally Invasive Cancer Centre, Prince of Wales
Hospital, Sydney, Australia. Astrocytes were prepared from the mixed brain cell cultures using a protocol previously described by Guillemin et al.36. Cell culture procedures are described in detail in Supplementary Protocols.
All cells and cell lines were lysed using RIPA buffer followed by probe sonication and cell debris removed by
centrifugation at 10,000RPM for 5 min. Total protein concentration was assayed in the supernatant using the
Pierce BCA protein assay kit (Life Technologies, Australia), and three 10 μg replicates were run by 1D SDS-PAGE
followed by colloidal coomassie staining.
Human Tissues. 20 μg of protein from five individual control post mortem brain tissue samples were extracted
as described for cells in the previous section, and run on a 1D SDS-PAGE gel and coomassie stained. Detailed
patient information including age, sex and post-mortem tissue collection times can be found in Supplementary
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Table S6. For the fractionated samples, 200 mg of frontal lobe brain tissue from five control subjects were pooled
and differential detergent fractionation performed to obtain cytosol, nucleus, cytoskeletal and membrane protein
fractions37. Each fraction (20 μg) was run on a 1D SDS-PAGE gel and coomassie stained.
Animals. Female guinea pigs (Dunkin–Hartley) and C57BL6 mice were housed in temperature-controlled
rooms (21–22 °C; 49–55% humidity) with 12 h light-dark cycle (lights on 7:00–19:00). Food and water was available ad libitum. Wild type mice and guinea pig organs were lysed (RIPA buffer) by probe sonication. Proteins
(20 μg/lane) were run by 1D SDS-PAGE and coomassie stained. Protein concentrations were determined using
the Pierce BCA protein assay kit (Life Technologies, Australia).
CSF and plasma. CSF samples were collected by standard lumbar puncture from five patients assessed as clinically well after investigation for suspected meningitis (Supplementary Figure S5), returning normal results for
routine CSF pathology markers (white cell count, protein, glucose and bacterial sterility). Aliquots (50 μl) from
each patient were obtained for our study. Control human plasma from a healthy individual was immunodepleted
of the six most abundant plasma proteins using an Hu6 column (Agilent, USA) according to manufacturer’s
instructions38. For immunodepletion using the Multiple Affinity Removal System Hu6 column and buffer kit
(Agilent, Santa Clara, CA, USA). 24 μl EDTA plasma was diluted into 120 μl Buffer A. 100 μl of this diluted EDTA
plasma was injected onto the Hu6 column connected to a HP 1090 HPLC system (Agilent, Santa Clara, CA, USA)
and the low abundance protein fraction was collected following manufacturer’s instructions. The low abundance
protein fractions from six injections were pooled, buffer exchanged and concentrated into 45 mM NaHCO3 using
Amicon 3 kDa centrifugal devices (Millipore, Billerica, MA, USA). CSF protein (5 μg) and depleted plasma protein (20 μg) as determined by a BCA protein assay were run on a 1D SDS-PAGE gel and colloidal coomassie
stained.
For all samples, the band corresponding to the molecular weight for each sirtuin was excised (see
Supplementary Figure S6), de-stained and trypsin digested overnight with heavy sirtuin peptides added as
internal standards to all samples prior to digestion (the internal standard was added at a constant level to all
samples and standards, and was at about the midrange of the standard curve). The tryptic peptides were dried
under vacuum (Savant Speedvac, Thermo Scientific, USA), reconstituted in 0.1% formic acid (5 μl), injected into
the mass spectrometer (1 μL) and analysed using MRM. Peak area ratios (light/heavy) were calculated for each
endogenous peptide (light) relative to the spiked isotope-labelled (heavy) peptide using Skyline MRM analysis
software. Protein concentrations were determined using calibration curves. All samples were fractionated by
1D-SDS-PAGE to reduce sample complexity. A workflow of the sample preparation procedure can be found in
Supplementary Figure S3.
To test for matrix effects relevant to the in-gel processed sirtuins, Hu6 depleted plasma was run by SDS-PAGE
(see Supplementary Figure S7) and sirtuin peptide standard curves prepared by spiking with excised gel bits taken
from the expected migration position of the intact sirtuin. Additional matrices tested included buffer only (0.1%
formic acid, no gel bit), a blank gel bit, and the spiked standard curves are shown in Supplementary Figure S2.
To determine recoveries of sirtuin proteins, commercial intact sirtuin standards were run by SDS PAGE (5 μg
per lane). Hu6 high abundance depleted plasma spiked with 2 ug and 5 μg of the sirtuin standard for SIRT1, 2, 3,
5 and 6 were also run on the same gel (Supplementary Figure S8). Sirtuin 5 μg spike recoveries were calculated in
the LAP spike relative to the sirtuin 5 μg standard protein in buffer only samples. The sirtuin 2 μg spike recoveries
were calculated in the LAP spike relative to values extrapolated from the results of the sirtuin 5 μg standard protein in buffer only samples (Supplementary Table S1).

Sirtuin mRNA Expression in Human Brain Tissue using PCR. For the gene expression studies RNA
was extracted from human brain cells using RNeasy mini kits (Qiagen, Germany). The cDNA was prepared
using SuperScript III First-Strand Synthesis System and random hexamers (Invitrogen Corporation, USA) as
previously described39. Detailed protocol and primer sequences are described in Supplementary Protocols and
Supplementary Table S7 respectively.
Sirtuin Expression in Human Brain Cells and Tissue using immunohistochemical staining.

Post mortem brain tissue from a male patient aged 63 years was obtained from the Sydney Brain Bank.
Immunohistochemical staining was performed as previously published40 and was performed using anti-human
sirtuin (1:250) primary antibodies (raised in rabbit). The full protocol description can be found in Supplementary
Protocols.

Sirtuin Protein Expression in human control brain tissue using western blotting.

Protein from
three individual control post mortem frontal brain tissue samples were extracted as described in the previous
section, and run on a 1D SDS-PAGE gel (20 μg protein per lane), and western blotted with antibodies for SIRT1,
SIRT2 and SIRT3 (details provided in Supplementary Protocols and list of antibodies used in Supplementary
Table S8).

Statistics. Sirtuin concentrations are presented as means ± SEM using peak area ratios of light and heavy
peptides obtained from Skyline MRM Proteomics software v3.1 (MacCoss Lab, USA). Sirtuins were quantified
based on an average of data from both peptides used for each sirtuin where possible. Statistical comparisons were
performed using two-tailed student t-tests assuming equal variance. Differences between groups were considered
statistically significant at the p <  0.05 level.
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Ethics. All human and animal brain tissue samples were obtained and experiments conducted in accordance
with the guidelines of the National Health and Medical Research Council of Australia and were approved by
the University of New South Wales Human Research Ethics Committee (human brain tissue reference number
HC12563) and the University of New South Wales Animal Care Ethics Committee (guinea pig tissue reference
number 14/40B and mice 13/39B). Adult human primary microglia, astrocytes, neurons and oligodendrocytes
were cultured from resected normal adult brain tissue following removal of brain tumour with informed consent
at the Minimally Invasive Cancer Centre, Prince of Wales Hospital, Sydney, Australia (reference number X120314 and HREC/12/RPAH/481). All control CSF samples were obtained with ethics approval from the Sydney
Adventist Hospital, Sydney Australia, with informed consent obtained from all subjects (reference number
SAHHREC #13-02).

References

1. Haigis, M. C. & Sinclair, D. A. Mammalian sirtuins: biological insights and disease relevance. Annu Rev Pathol 5, 253–295 (2010).
2. Gueguen, C., Palmier, B., Plotkine, M., Marchand-Leroux, C. & Bessson, V. C. Neurological and histological consequences induced
by in vivo cerebral oxidative stress: evidence for beneficial effects of SRT1720, a sirtuin 1 activator, and sirtuin 1-mediated
neuroprotective effects of poly(ADP-ribose) polymerase inhibition. PLoS One 9, e87367 (2014).
3. Alcendor, R. R. et al. Sirt1 regulates aging and resistance to oxidative stress in the heart. Circ Res 100, 1512–1521 (2007).
4. Wang, F., Nguyen, M., Qin, F. X. & Tong, Q. SIRT2 deacetylates FOXO3a in response to oxidative stress and caloric restriction. Aging
Cell 6, 505–514 (2007).
5. Qiu, X., Brown, K., Hirschey, M. D., Verdin, E. & Chen, D. Calorie restriction reduces oxidative stress by SIRT3-mediated SOD2
activation. Cell Metab 12, 662–667 (2010).
6. Lattanzio, F. et al. Human apolipoprotein E4 modulates the expression of Pin1, Sirtuin 1, and Presenilin 1 in brain regions of targeted
replacement apoE mice. Neuroscience 256, 360–369 (2014).
7. Wang, H. F., Li, Q., Feng, R. L. & Wen, T. Q. Transcription levels of sirtuin family in neural stem cells and brain tissues of adult mice.
Cellular and molecular biology Suppl. 58, OL1737–OL1743 (2012).
8. Kumar, R. et al. Sirtuin1: a promising serum protein marker for early detection of Alzheimer’s disease. PLoS One 8, e61560 (2013).
9. Kumar, R. et al. Identification of serum sirtuins as novel noninvasive protein markers for frailty. Aging Cell 13, 975–980 (2014).
10. Weir, H. J. et al. CNS SIRT3 expression is altered by reactive oxygen species and in Alzheimer’s disease. PLoS One 7, e48225 (2012).
11. Korner, S. et al. Differential sirtuin expression patterns in amyotrophic lateral sclerosis (ALS) postmortem tissue: neuroprotective or
neurotoxic properties of sirtuins in ALS? Neuro-degenerative diseases 11, 141–152 (2013).
12. Hoppner, S., Schanzer, W. & Thevis, M. Mass spectrometric studies on the in vitro generated metabolites of SIRT1 activating drugs
for doping control purposes. Journal of mass spectrometry: JMS 48, 830–843 (2013).
13. Liebler, D. C. & Zimmerman, L. J. Targeted quantitation of proteins by mass spectrometry. Biochemistry 52, 3797–3806 (2013).
14. Doerr, A. Mass spectrometry-based targeted proteomics. Nature methods 10, 23 (2013).
15. Ji, S., Doucette, J. R. & Nazarali, A. J. Sirt2 is a novel in vivo downstream target of Nkx2.2 and enhances oligodendroglial cell
differentiation. Journal of molecular cell biology 3, 351–359 (2011).
16. Oh, C. L. E., Lee, Y. S. & Shin, D. H. SIRT2 Protein Expression in Normal and Aged Rat Brain. J Korean Geriatr Soc 16, 27–33 (2012).
17. Pandithage, R. et al. The regulation of SIRT2 function by cyclin-dependent kinases affects cell motility. J Cell Biol 180, 915–929
(2008).
18. Pais, T. F. et al. The NAD-dependent deacetylase sirtuin 2 is a suppressor of microglial activation and brain inflammation. EMBO J
32, 2603–2616 (2013).
19. Outeiro, T. F. et al. Sirtuin 2 inhibitors rescue alpha-synuclein-mediated toxicity in models of Parkinson’s disease. Science 317,
516–519 (2007).
20. Luthi-Carter, R. et al. SIRT2 inhibition achieves neuroprotection by decreasing sterol biosynthesis. Proc Natl Acad Sci USA 107,
7927–7932 (2010).
21. Ren, Y. et al. Effect of breed on the expression of Sirtuins (Sirt1-7) and antioxidant capacity in porcine brain. Animal: an international
journal of animal bioscience 7, 1994–1998 (2013).
22. Maxwell, M. M. et al. The Sirtuin 2 microtubule deacetylase is an abundant neuronal protein that accumulates in the aging CNS.
Hum Mol Genet 20, 3986–3996 (2011).
23. Jeong, H. et al. Sirt1 mediates neuroprotection from mutant huntingtin by activation of the TORC1 and CREB transcriptional
pathway. Nature medicine 18, 159–165 (2012).
24. Khan, R. S., Dine, K., Das Sarma, J. & Shindler, K. S. SIRT1 activating compounds reduce oxidative stress mediated neuronal loss in
viral induced CNS demyelinating disease. Acta neuropathologica communications 2, 3 (2014).
25. Satoh, A. et al. Sirt1 extends life span and delays aging in mice through the regulation of Nk2 homeobox 1 in the DMH and LH. Cell
Metab 18, 416–430 (2013).
26. Lu, C. T. et al. The potential of SIRT6 and SIRT7 as circulating markers for head and neck squamous cell carcinoma. Anticancer
research 34, 7137–7143 (2014).
27. Lee, N. et al. Comparative interactomes of SIRT6 and SIRT7: Implication of functional links to aging. Proteomics 14, 1610–1622
(2014).
28. Iwahara, T., Bonasio, R., Narendra, V. & Reinberg, D. SIRT3 functions in the nucleus in the control of stress-related gene expression.
Molecular and cellular biology 32, 5022–5034 (2012).
29. Nishida, Y. et al. SIRT5 Regulates both Cytosolic and Mitochondrial Protein Malonylation with Glycolysis as a Major Target. Mol
Cell 59, 321–332 (2015).
30. Li, F. et al. NADP(+)-IDH Mutations Promote Hypersuccinylation that Impairs Mitochondria Respiration and Induces Apoptosis
Resistance. Mol Cell 60, 661–675 (2015).
31. Braidy, N. et al. Differential expression of sirtuins in the aging rat brain. Frontiers in cellular neuroscience 9, 167 (2015).
32. Luna, B. et al. Proteomic and Mitochondrial Genomic Analyses of Pediatric Brain Tumors. Molecular neurobiology 52(3), 1341–63
(2015).
33. Gatlin, C. L., Kleemann, G. R., Hays, L. G., Link, A. J. & Yates, J. R. 3rd Protein identification at the low femtomole level from silverstained gels using a new fritless electrospray interface for liquid chromatography-microspray and nanospray mass spectrometry.
Anal Biochem 263, 93–101 (1998).
34. Hou, X. et al. Cellular responses during morphological transformation in Azospirillum brasilense and Its flcA knockout mutant.
PLoS One 9, e114435 (2014).
35. Coumans, J. V., Poljak, A., Raftery, M. J., Backhouse, D. & Pereg-Gerk, L. Analysis of cotton (Gossypium hirsutum) root proteomes
during a compatible interaction with the black root rot fungus Thielaviopsis basicola. Proteomics 9, 335–349 (2009).
36. Guillemin, G. J. et al. Kynurenine pathway metabolism in human astrocytes: a paradox for neuronal protection. J Neurochem 78,
1–13 (2001).
37. Simpson, R. Proteins and Proteomics: A Laboratory Manual. (Cold Spring Harbor Laboratory Press, 2002).

Scientific Reports | 6:35391 | DOI: 10.1038/srep35391

10

www.nature.com/scientificreports/
38. Muenchhoff, J. et al. Plasma protein profiling of mild cognitive impairment and Alzheimer’s disease across two independent cohorts.
J Alzheimers Dis 43, 1355–1373 (2015).
39. Sheipouri, D. et al. Characterisation of the kynurenine pathway in skin-derived fibroblasts and keratinocytes. Journal of cellular
biochemistry 116, 903–922 (2015).
40. Wu, W. et al. Expression of tryptophan 2,3-dioxygenase and production of kynurenine pathway metabolites in triple transgenic mice
and human Alzheimer’s disease brain. PloS one 8, e59749 (2013).
41. Graff, J. et al. A dietary regimen of caloric restriction or pharmacological activation of SIRT1 to delay the onset of neurodegeneration.
J Neurosci 33, 8951–8960 (2013).
42. Komlos, D. et al. Glutamate dehydrogenase 1 and SIRT4 regulate glial development. Glia 61, 394–408 (2013).
43. Shih, J., Mason, A., Liu, L., Higashimori, H. & Donmez, G. Loss of SIRT4 decreases GLT-1-dependent glutamate uptake and
increases sensitivity to kainic acid. J Neurochem (2014).
44. Glorioso, C., Oh, S., Douillard, G. G. & Sibille, E. Brain molecular aging, promotion of neurological disease and modulation by
sirtuin 5 longevity gene polymorphism. Neurobiol Dis 41, 279–290 (2011).
45. Favero, G., Rezzani, R. & Rodella, L. F. Sirtuin 6 nuclear localization at cortical brain level of young diabetic mice: An
immunohistochemical study. Acta histochemica (2013).
46. Schwer, B. et al. Neural sirtuin 6 (Sirt6) ablation attenuates somatic growth and causes obesity. Proc Natl Acad Sci USA 107,
21790–21794 (2010).
47. Liszt, G., Ford, E., Kurtev, M. & Guarente, L. Mouse Sir2 homolog SIRT6 is a nuclear ADP-ribosyltransferase. J Biol Chem 280,
21313–21320 (2005).
48. Toiber, D. et al. SIRT6 recruits SNF2H to DNA break sites, preventing genomic instability through chromatin remodeling. Mol Cell
51, 454–468 (2013).
49. Zhong, L. & Mostoslavsky, R. SIRT6: a master epigenetic gatekeeper of glucose metabolism. Transcription 1, 17–21 (2010).

Acknowledgements

This work was facilitated by the Australian National Health and Medical Research Council Program Grant
(NHMRC) 350833, Capacity Building Grant 568940, The Australian Research Council Discovery Project
Grant DP120102078 and the Rebecca L. Cooper Medical Research Foundation, the UNSW Faculty of Medicine
Research Grant to Dr Nady Braidy and the Alzheimer’s Australia Viertel Foundation. The financial support of
these organizations is gratefully acknowledged. Dr Nady Braidy is also the recipient of an NHMRC Postdoctoral
Research Fellowship at the University of New South Wales. Tharusha Jayasena is a recipient of the University of
New South Wales Postgraduate Award (UPA). The mass spectrometry work was carried out in the Bioanalytical
Mass Spectrometry Facility at the University of New South Wales, and subsidised access to this facility is gratefully
acknowledged. The authors thank Dr Sophia Dean for her assistance with revising and formatting the manuscript.

Author Contributions

P.S., A.P., T.J. and G.S. conceived and planned the project. T.J. performed experimental work (MRM assay
development and validation, cell culture, protein extraction, 1D SDS/PAGE) and wrote the main manuscript
text. A.P., L.Z. and M.R. assisted with mass spectrometry instrumentation setup, maintenance and optimisation.
N.B. performed all experimental work for and prepared Figure 5, Panel A and B. B.R. was involved in animal care
of the guinea pig and mice used. J.M. performed Hu6 depletion of high abundance plasma proteins. R.G. was
involved in collection of CSF samples. C.T. surgically removed brain tumors and provided samples. All authors
reviewed the manuscript.

Additional Information

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Jayasena, T. et al. Application of Targeted Mass Spectrometry for the Quantification of
Sirtuins in the Central Nervous System. Sci. Rep. 6, 35391; doi: 10.1038/srep35391 (2016).
This work is licensed under a Creative Commons Attribution 4.0 International License. The images
or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/
© The Author(s) 2016

Scientific Reports | 6:35391 | DOI: 10.1038/srep35391

11

